A tracer study is an efficient method of determining flow dynamics within a constructed wetland. In previous studies, a number of tracer studies have been carried out on various constructed wetlands covering a wide range of configurations. From these tracer studies it is evident that all constructed wetlands perform differently and generally with less efficiency than assumed by theoretical design computations. During the summer of 2004, a tracer study was performed on a constructed wetland located in Embrun, Ontario (Canada) treating milkhouse wastewater and agricultural runoff to determine its actual hydraulic performance. Sediment height and vegetation density profiles were also obtained and examined to explain the preferential flow pathways that were observed during the tracer analysis. It was determined that the constructed wetland had an effective treatment area representing 79% of the total area, and that the hydraulic efficiency of the system was 74%. Examination of the sediment height and vegetation density profiles resulted in no evidence of physical pathways that could be attributed to the establishment of preferential flow. The hydraulic efficiency was therefore attributed to the inflow and outflow layout of the constructed wetland cell, combined with wind induced mixing. Key words | free water surface constructed wetland, hydraulic efficiency, tracer NOMENCLATURE E(t) residence time distribution (RTD) e effective volume ratio N number of tanks in series l hydraulic efficiency
INTRODUCTION
Constructed wetlands, which are designed to utilize and optimize natural wetland treatment processes, have been used to treat a number of pollutant streams. These streams include: leachate from municipal solid waste, acid rock drainage, landfill leachate, urban runoff, as well as industrial wastewater streams from, textile plants, rendering plants, pulp mills and refineries ( Watson & Hobson 1991) .
The treatment processes within a constructed wetland include physical treatment processes (i.e. sedimentation and sorption) as well as chemical reactions (i.e. chelation and sorption) and biologically controlled conversion (i.e. removal of nitrogenous species) of wastewater constituents.
It is understood that the majority of these processes depend on the hydraulic conditions within the wetland, especially flow velocity. The flow controls sedimentation and contact time, as well as flow distribution, which determines the total useful area of the constructed wetland (Werner & Kadlec 2000; Persson & Whittgren 2003; Smith et al. 2005) .
The hydrologic distribution within the wetland also influences sediment aeration and sorption of wastewater constituents into the soil of the system (Smith et al. 2005) .
In order to optimize treatment performance, constructed wetland design must also involve the maximization of hydraulic performance, which is defined by two main factors: the distribution of flow, and the degree of mixing (Persson et al. 1999) . The distribution of flow is controlled by the inlet and outlet configuration of the system: the shape, depth, vegetation location and density, as well as the soil and sediment profile (Thackson et al. 1987) . The degree of mixing is controlled by velocity profiles within the wetland, which vary based on soil and sediment profile, vegetation layout and wind shear induced mixing (Persson et al. 1999; Werner & Kadlec 2000) . Both of these criteria are affected by bottom profiles and vegetation densities, which vary during wetland operation.
Constructed wetland maturation involves sediment deposition within the wetland which causes variations in the topography (sediment height), as well as variations in vegetation location and densities, which will have an effect on the hydraulic condition of the system (Thackson et al. 1987) . Inlet and outlet locations and the shape of the wetland also define the hydraulic performance. This is one of the factors that results in observed treatment efficiencies that are wetland specific, and hence the hydraulic conditions of constructed wetlands are also considered to be wetland specific (Werner & Kadlec 2000; Smith et al. 2005 ). In addition, these conditions can also be expected to vary as the wetland matures, and the sediment and vegetation profiles of the constructed wetland are naturally altered.
Tracer studies are used to characterize flows within constructed wetlands. The results of these tests are dependent on the hydraulic conditions specific to a particular constructed wetland (Werner & Kadlec 2000; Smith et al. 2005) . The main conclusion that can be drawn from previous tracer tests performed on a number of different constructed wetlands, is that the majority of constructed wetlands are best described and modeled as a system of CSTRs in series (Kadlec & Knight 1996; Werner & Kadlec 2000) . Other studies (Persson & Whittgren 2003) have also demonstrated that the flow within the wetland cannot be described as plug flow, which has been identified as the ideal hydraulic condition for optimal treatment processes.
The outflow response of a tracer test can be used to characterize multiple aspects of flow. Short circuiting, preferential flow and back mixing, demonstrated by a skewed outflow distribution or multiple peaks, are the main aspects of flow that can be determined by the shape of the distribution (Persson et al. 1999) . A comparison of the theoretical residence time and the mean residence time can be used to determine the active volume of the wetland (Persson et al. 1999 ).
It has already been shown that all parcels of water within a constructed wetland have different residence times (Werner & Kadlec 2000) , therefore the distribution of residence times for each parcel of water within the system can be analyzed to determine hydraulic efficiency. This study was designed to determine the hydraulic efficiency of a constructed wetland cell, and to determine if the vegetation growth patterns or sediment height profiles could be causing preferential flow pathways.
METHODS AND MATERIALS

Site description
The free water surface (FWS) constructed wetland cell where the tracer study was conducted, was the first cell of a marsh-pond-marsh system (Figures 1-5) that was established at the Dignard dairy farm in Embrun, Ontario, Canada in 1994. The wetland was designed to treat storm water runoff from a solid manure pile, as well as wash water from the cleaning of milkhouse equipment, and runoff from the exercise yard. The runoff from the solid manure pile and the wash water were initially mixed in an anaerobic lagoon, which was then pumped to a facultative pond, where the runoff from the exercise yard was added.
The effluent from the facultative pond was then pumped into the cell that was considered in this analysis. This FWS cell was 41 m long, 33 m wide, and had an initial design depth of 0.3 m, which was controlled by an outlet weir.
The cell was originally vegetated with common cattails Inflow pumping rates to the constructed wetland cell were controlled; however, the outflow rate from the cell was not monitored. The outflow rate was estimated using a water balance adding precipitation at the site (measured with an on site weather station) and evapotranspiration estimated using the Penman Equation (Gupta 1995) and environmental measurements from the weather station.
Tracer test analysis
The first step was to determine the residence time distribution (RTD) as defined by Equation (1) 
The RTD can be analyzed using the method of moments (Boggs & Adams 1992; Kadlec 1994; Kadlec & Knight 1996; Persson et al. 1999; Smith et al. 2005; Munoz et al. 2006) to determine the mean residence time, and other hydraulic efficiency parameters. Using this method, the first moment describes the mean residence time (MRT) of the constructed wetland (Equation (2)).
By analyzing the second moment of the RTD curve, the variance of the curve can be calculated.
The results from the analysis of the method of moments describe the actual hydraulic condition within the constructed wetland. The behaviour represented by this statistical relationship will generally be different than the ideal condition which is described by the theoretical residence time (TRT).
The TRT assumes that the entire wetland volume is active, and that ideal flow conditions exist; however this is rarely the case in constructed wetlands (Kadlec & Knight 1996; Munoz et al. 2006) . The difference between the TRT and the MRT demonstrates that there are non-ideal flow conditions within a particular system, and that the active treatment volume is often less than the entire volume of the constructed wetland. The effective volume of the wetland can be determined by comparing the MRT and TRT, or the active volume and the total volume as per Equation (5) (Thackson et al. 1987; Persson et al. 1999; Smith et al. 2005 ).
Thackson et al. (1987) derived an equivalent length to width ratio from the effective volume to aide in the comparison of wetlands of different shapes and sizes.
The flow within a constructed wetland is best described as a number of CSTRs in series (Kadlec & Knight 1996; Werner & Kadlec 2000) , and there are a number of methods available to determine the number of CSRTs that best describe the system (Equations (7) and (8)).
Folger (1992) suggested that the variance and TRT could be used to determine the number of reactors as shown in Equation (7). Kadlec & Knight (1996) indicated that the relationship between the TRT and the time of the peak outflow concentration could be used.
Persson et al. (1999) developed a hydraulic efficiency factor (Equation (9)), that can be used to compare different constructed wetland designs and layouts. This factor was created using various hypothetical wetland designs, and forms a common basis of comparison for different constructed wetland layouts.
Vegetation density and sediment depth measurements 
RESULTS AND DISCUSSION
Theoretical detention time and treatment volume values for the constructed wetland cell were calculated based on the design of the system. Using Equation (4), the flow rate to the constructed wetland cell (21.9 m 3 /day) and the volume of the system (405.9 m 3 ), the theoretical retention time (TRT) was determine to be 18.5 days. The length to width ratio was designed to be 1.24, which when using the methods described by Thackson et al. (1987) , results in a theoretical effective volume ratio of 0.43 (Equation (6)).
These values are summarized in Table 1 . They suggested that the loss of bromide tracer could be attributed to vegetative uptake; however, they also noted that there was more uptake of bromide during periods of high plant growth. This tracer test was conducted in the summer months, after the rapid vegetation growth phases, which could explain the higher bromide capture, since lower vegetation growth rates may have resulted in lower bromide uptake rates. The low percentage of tracer loss indicated that the tracer was conservative and as such, could be accepted as a good indication of flow conditions within the constructed wetland cell.
The tracer concentration profile at the outlet of the wetland cell was used to determine the residence time distribution (RTD) using Equation (1) (Figure 2 ). This RTD plot shows the residence times of different parcels of water within the wetland cell. Examining the RTD, six distinct peaks are visible. Multiple peaks are indicative of short circuiting, preferential flow pathways and back mixing (Persson et al. 1999 ).
The first peak of the RTD occurs at 4 days, but the curve quickly returns to a value of 0 for the next 2 days.
This would indicate that some parcels of water only reside within the wetland cell for 4 days, suggesting the presence of short circuiting allowing these parcels of water to quickly pass from the influent pipe to the effluent weir.
The second peak of the RTD demonstrates a similar trend, where a peak in the RTD is noted on day 10, which returns to a value of 0 on day 11. This is again likely to represent a preferential flow pathway that allows shortcircuiting of the water parcels within the cell.
The bulk of the water parcels within the wetland cell have residence times ranging between 11 and 22 days. Figure 2) ; however, multiple tests would need to be conducted at the site to determine this with certainty.
A final RTD peak occurred at 23 days, with a zero value visible at 22 days and again at 24 days. This peak was likely demonstrative of a distinct flow path that is either longer, or has a slower velocity than the bulk 58% of flow.
An analysis of the RTD was performed using the method of moments. From the first moment (Equation (2)) the MRT was found to be 14.7 days, which was less than the TRT (18.5 days). These likely result from the back mixing and flow channeling within the constructed wetland cell leading to non-ideal flow conditions. The variance of the RTD, the second moment (Equation (3)), was determined to be 25.0. Comparing the MRT and TRT using Equation (5), the effective volume ratio was calculated to be 0.79. This implies an active volume within the wetland cell of approximately 322 m 3 (Equation (5)), with an equivalent length to width ratio of the constructed wetland cell computed to be 4.91.
Determining the number of CSTRs in series that best describes the flow within the wetland cell can be complex.
There are two possible approaches commonly applied to wetland systems. Using Equation (7), the number of CSTRs in series was calculated to be 13.76 (14). Conversely, Equation (8) resulted in a much lower value of 3.35 (4).
The differences in these results may reflect the amount of back mixing taking place in this particular wetland. It may also be possible that Equation (7) applies to systems with more back mixing, while Equation (8) describes systems with more ideal flow patterns. Since the models are based on the analysis of moments of the RTD, they will fit more "ideal" RTD curves but not those that demonstrated multiple peaks as seen in our field data. It would be of interest to the wetland scientific community to more fully explore the differences between these two methods, which would require the examination and comparison of multiple constructed wetland systems. Applying Equation (9), the hydraulic efficiency is calculated as 0.74 for the 14 CSTR in series model, while the hydraulic efficiency was much lower, 0.6, for the 4 CSTR in series model.
Two main comparisons evolve from the analysis of the RTD. Firstly, the actual length to width ratio of the wetland cell was measured to be 1.25, whereas from Equation (6), the effective ratio was calculated to be 4.91. This calculated length to width ratio would suggest that the constructed wetland cell is functioning as a cell with a higher length to width ratio than its design value. In theory, the higher the length to width ratio of a system, the more likely it is that the system will utilize its entire volume for treatment. The wetland cell used in this test did appear to use a high fraction of its volume. This would indicate that the constructed wetland cell was achieving a better flow distribution than ponds of similar L/W ratios evaluated by Thackson et al. (1987) .
The second comparison of the RTD curve analysis involved the two different methods for determining the number of reactors for the CSTRs in series model, which were computed to be 14 and 4, respectively. This difference in the number of reactors also corresponded to different hydraulic efficiency values, 0.74 and 0.6, respectively.
However, it should be noted that when Persson et al. (1999) defined the hydraulic efficiency equation, the method described by Equation (7) (14 CSTRs in series and a hydraulic efficiency of 0.74) was employed. Hence, for the purposes of this analysis, this method will be utilized for the remainder of the analysis.
When examining the sediment height profile (Figure 4) , no distinct channels that could cause short circuiting or preferential flow pathways are evidently visible. The same is true of the vegetation densities (Figure 3) , where no pathways of low vegetation density that could allow for short circuiting or preferential flow pathways are apparent.
This indicates that the channeling and preferential flow pathways demonstrated by the RTD were not likely caused by physical channels within the sediments or vegetation growth patterns. Since physical channels were not the cause of the observed flow distribution, the flow behaviour was therefore attributed to the inlet and outlet configuration of the constructed wetland cell, as well as mixing induced by varying localized flow velocity profiles.
Sampling points within the wetland cell were used to monitor the spread of the tracer to determine the overall volume of the wetland cell that could be considered to be active. Tracer capture values from the 9 sampling points and the outlet of the cell were krigged for a graphical visualization ( Figure 5 ). The distribution shown in Figure 5 supports the effective volume ratio calculated from the RTD (79%) as well as the hydraulic efficiency described by Equations (7) and (9) 
CONCLUSIONS
The tracer test performed on the wetland cell indicated that 79% of the wetland cell volume was active, and the overall hydraulic efficiency of the system was 0.74. These values were calculated using the RTD curve, and the analysis of the physical distribution of the tracer within the wetland cell were consistent with the calculations from the RTD. The RTD curve also suggested that back mixing and preferential flow pathways were present within the constructed wetland cell and affected the flow and treatment efficiency of the system. A profile of the sediment height, as well as the vegetation density were evaluated and it was determined that there was no evidence of physical flow paths that would induce preferential flow. It was therefore proposed that the preferential flow and back mixing were likely caused by variations in flow velocities and the physical inlet and outlet configuration of the constructed wetland cell.
